Glucocorticoid hormones (GCs) are important regulators of lipid metabolism, promoting lipolysis with acute treatment but lipogenesis with chronic exposure. Conventional wisdom posits that these disparate outcomes are mediated by the classical glucocorticoid receptor GR␣. There is insufficient knowledge of the GC receptors (GR␣ and GR␤) in metabolic conditions such as obesity and diabetes. We present acute models of GC exposure that induce lipolysis, such as exercise, as well as chronic-excess models that cause obesity and lipid accumulation in the liver, such as hepatic steatosis. Alternative mechanisms are then proposed for the lipogenic actions of GCs, including induction of GC resistance by the GR␤ isoform, and promotion of lipogenesis by GC activation of the mineralocorticoid receptor (MR). Finally, the potential involvement of chaperone proteins in the regulation of adipogenesis is considered. This reevaluation may prove useful to future studies on the steroidal basis of adipogenesis and obesity.
glucocorticoid receptor; glucocorticoid receptor; glucocorticoid receptor-␣; glucocorticoid receptor-␤; glucocorticoids; adipose differentiation; adipogenesis; lipolysis THERE IS MUCH CONTROVERSY over the role of glucocorticoids (GCs) in either the enhancement or reduction of obesity. Chronic GC treatment results in weight gain as well as increased visceral obesity and hypertension. On the other hand, acute GC treatment typically causes weight loss, especially at adipose tissue. Adipose tissue expansion occurs by increasing either adipocyte number (adipogenesis) or adipocyte size (hypertrophy). During the development of obesity, the adipocyte number can increase, although there is a higher rate of apoptosis (63) . Adipocytes are derived from the mesenchyme lineage. Mesenchymal stem cells (MSCs) are committed to preadipocytes with the loss of capacity to differentiate into other cell types (55) . The MSCs enter the initiation phase of determination toward mature white adipocyte differentiation and undergo genetic and molecular changes that allow them to accumulate and produce lipids. Typically, a problem arises when there is excessive adipose tissue expansion due to positive energy balance, which results most commonly from overeating or physical inactivity. High-fat diets in particular can lead to weight gain, hepatic lipid accumulation, and insulin insensitivity (7) . In obese individuals, adipocyte expansion also leads to increased inflammation as a result of proinflammatory cytokine secretion from adipose tissue and macrophage infiltration of the tissue. This results in a chronic inflammatory state in the obese that leads to significant health risks for other unfavorable conditions, such as type 2 diabetes, cardiovascular diseases, and various types of cancers (57) . Typically, GCs exert potent anti-inflammatory actions, which serve as the dominant basis for GC-based therapeutics. Yet chronic GC exposure has been linked to elevated inflammatory states, which has been interpreted as a state of GC resistance (35) . However, the underlying mechanisms of GC resistance have yet to be defined.
The process of adipogenesis and adipocyte tissue expansion are complex mechanisms utilizing a number of transcription factors that include the peroxisome proliferator-activated receptor-␥ (PPAR␥; see APPENDIX A: PPAR␥ PROMOTES ADIPOGENESIS), CCAAT-enhancer-binding protein-␣ (C/EBP␣), and purportedly the glucocorticoid receptor-␣ (GR␣). Because GCs are commonly used to induce adipogenesis in tissue culture systems, mediation of this response by GR␣ has been assumed. Yet under normal physiological conditions, GCs often have the opposite effect, such as the promotion of lipolysis. For this and other reasons, it is reasonable to speculate whether GR␣ is the actual mediator of GC-induced adipogenesis, and the potential roles of other corticosteroid receptors should be considered. For example, the contributions of other GR isoforms, such as GR␤ and the translational isoforms of GR␣, to adiposity are largely unknown, but recent evidence suggests that GR␤ at least can be regulated by metabolic signals. Moreover, the closely related mineralocorticoid receptor (MR) is now emerging as an important regulator of GC effects on adipose biology. Herein, we will discuss various physiological aspects of obesity and adiposity, with a particular emphasis on GR and MR receptors, and also consider how phosphorylation mechanisms may affect the activities of each receptor.
CORTICOSTEROID RECEPTORS AND OBESITY
Although it is established that extended exposure to GCs causes abdominal obesity and Cushing's syndrome (see APPEN-DIX B: HPA AXIS AND PRODUCTION OF GLUCOCORTICOIDS), the underlying mechanism is complex. Many studies have clearly shown that acute GC exposure is lipolytic at adipose tissue (16, 71) . Yet in the long term, pharmacological GC treatment appears to promote lipogenesis at this very same tissue. Clues to understanding this duality may be found in the divergent properties of the corticosteroid receptors. There are two primary nuclear receptors that can bind GCs: 1) GR, nuclear receptor subfamily 3, group C, member 1 (NR3C1), which is located on chromosome 5 (5q31); and 2) MR (NR3C2), located on chromosome 4 (4q31). MR is highly expressed in the white and brown adipose tissue as well as in the brain, heart, liver, and kidney of mice, and almost at similar levels in humans (Table 1) . GR expression does not vary as much as MR, but the highest expression was found in T cells, which may be for the regulation of the immune system. However, the specific GR isoform is not reported, which has been a complication of measuring "total" GR expression without regard to the particular isoform. MR is typically activated by aldosterone, a corticosteroid that increases the reabsorption of ions and water in the kidneys as part of the renin-angiotensin-aldosterone system. Thus, MR is involved in the regulation of blood pressure and electrolyte balance, a function that is not directly controlled by GR. However, GCs like cortisol can affect blood pressure because MR has the same affinity for cortisol as it does for aldosterone (2) . Indeed, the binding affinity of MR for cortisol is greater than that of GR (2). Thus, it is possible that many GC-mediated responses attributed to GR activation may be under the direct control of MR.
Regulation of blood pressure aside, GR and MR appear to have opposing roles in other aspects of physiology. As mentioned already, acute GC targeting of GR stimulates lipolysis in adipose tissue. Yet there is now emerging evidence that adipose tissue also expresses MR possibly to a higher extent than GR (Table 1) . MR has been shown to respond to cortisol by promoting adipogenesis and lipid storage (see below for further discussion of this topic) With respect to inflammation, GR and MR are also oppositional, with significant implications for acute vs. chronic GC exposure. GCs are potent anti-inflammatory compounds that are widely used to treat inflammatory diseases such as rheumatoid arthritis and asthma. GCs exert their anti-inflammatory effects through GR by increasing transcription of anti-inflammatory genes (e.g., IB␣) while inhibiting numerous proinflammatory genes (e.g., TNF␣). Although this is a common characteristic of GCs, there are many instances where GCs fail to function in this capacity. It is tempting to speculate that this failure may be due to activation of MR, which we now know promotes the expression of inflammatory cytokines in adipose tissue in response to both aldosterone and GCs like cortisol (44) . Therefore, this mechanism may underlie several heretofore incongruous reports. For example, in an obese/diabetic mouse model, GCs were found to augment, rather than repress, the immune response and promote neuroinflammation, whereas inhibition of GCs decreased proinflammatory cytokines (IL-1␤/TNF␣) in the brain (15) , where MR is highly expressed (Table 1 ). In humans, chronic oral GC treatment leads to weight gain and adipocyte expansion compared with acute treatment (6) . The latter observation serves to highlight another potentially sig- GR, glucocorticoid receptor; MR, mineralocorticoid receptor. The highthroughput gene expression data was downloaded for normal tissues and organs from http://biogps.org (69, 70) . For normalization, the average value was divided by the graph median.
nificant feature of the GR/MR antagonism in adipose tissue. The binding affinity of oral GCs like prednisone (metabolized to prednisolone) has been reported to be higher for MR compared with GR (64) . However, studies by Lan et al. (40) in rat kidney found the competitive inhibition (C 50 ) of cortisol to be 115.2 nM for aldosterone and 124 nM for dexamethasone and the C 50 for prednisolone to be 65.2 nM for aldosterone and 55 nM for dexamethasone, which suggests that the affinities of cortisol and prednisolone for the two receptors are nearly the same. Contradictory to this investigation, Reul et al. (51) found that competition of steroids for MR and GR in the dog hippocampus was 0.19 nM for cortisol and 0.42 nM for dexamethasone for MR and 5.00 nM for cortisol and 7.75 nM dexamethasone for GR. Thus, low-dose chronic treatment may preferentially activate the prolipogenic actions of adipose MR, whereas high-dose acute treatment is needed to activate GRmediated lipolysis.
An alternative form of GR may assist the actions of MR in adipose, which is also proinflammatory. The GR (NR3C1) gene is a complex arrangement of 9 exons ( Fig. 1 ) that are alternatively spliced to create multiple isoforms, such as GR␣, GR␤, GR␥, GR-A, and GR-P (47). Two of these isoforms, GR␣ and GR␤, have been implicated in GC resistance. In both mice and humans, the GR protein is composed of exons 2-8, and 50 amino acids are added from exon 9␣ to produce GR␣. Alternatively, 15 amino acids from either 9␤ for humans or intron 8 for mice are added to exon 8 to produce GR␤. GR␣ is the classical receptor that is bound by GCs to regulate gene expression. Thus, a decrease in GR␣ proteins may also lead to a reduced response to GCs and resistance. In contrast, GR␤ lacks helix 12 of the ligand-binding domain and does not bind GCs, yet it appears to have intrinsic gene regulatory activity (36) . However, most investigations into GR␤ actions suggest that its primary function is to serve as an inhibitor of GR␣ (25, 62) . Previously, GR␤ expression was thought to be specific to humans. However, GR␤ was discovered in the mouse (25) and then later in the rat (18) and most recently in the pig (52) . At present, it is not known whether GR␤ specifically inhibits the lipolytic actions of GR␣. But several reports exist showing that GR␤ is regulated metabolically (18, 25, 62) . In cell-based studies, elevated expression of GR␤ mRNA and protein was observed in response to insulin stimulation. More importantly, increased expression of GR␤ was found in the livers of rats following insulin injection and in mouse livers during the refeeding phase after fasting. In all reports, GR␣ expression was not affected by insulin or refeeding. As is the case of Cushing's syndrome, chronic exposure of humans to GCs leads to increased total GR protein but, more importantly, decreased affinity for GCs (3, 32) . Potentially, this suggests a state of GC resistance, which may be due to increasing GR␤ expression and negative regulation of GR␣ (12) . This speculation is further supported by the fact that treatment of cells with the GC agonist dexamethasone not only caused GR␤ to increase but also reduced levels of GR␣. Thus, GR␤ may be a method by which to compensate for cortisol excess. The effect of increased GR␤ on GR␣ or MR activity in adipose tissue has yet to be determined. However, it is clear that GR␤ is expressed in the adult human white adipose tissue since there is an association of GR polymorphism A3669G in exon 9␤ and reduced central obesity in women (65) . Moreover, in an adipogenesis model, it was found that GR␤ increased during differentiation, whereas GR␣ remained constant (28) . Taken together, these observations serve as strong circumstantial evidence that increased GR␤ or decreased GR␣ may be a component of GC resistance in obesity. Critical tests of this hypothesis will be a determination of whether GR␤ is essential to adipogenesis in cell-based models and whether it contributes to animal models of diet-induced obesity. A tissue-specific GR isoform overexpression or knockout would reveal their roles in each organ. Fig. 1 . Alternative splicing of the human (hGR) and mouse glucocorticoid (GC) receptor (hGR) genes. Alternative splicing of the hGR (A) and mGR genes (B) constructs the GR␣ and GR␤ isoforms. The mGR␤ isoform exhibits a functional domain structure that is nearly identical to hGR␤, and both have 15 amino acids as a result of an alternative acceptor for human and alternative donor for mouse from the ␤-exon. Compared with the GR␣ protein, the ␤-isoforms of both species have reduced and distinct COOH-terminal regions that have a truncated ligand binding AF-2 domain (helix 12). These features account for their lack of ability to bind hormone. AF, activation function; DBD, DNA-binding domain; H, hinge region; LBD, ligand-binding domain; ATG, ATG start site; N, NH2 terminus; UTR, untranslated region. Heat shock protein 90 (HSP90) binding regions for human and mouse GR␣ and GR␤ are shown.
CORTICOSTEROID RECEPTORS AND ADIPOGENESIS
Unlike the accumulation of fat in adipocytes, the process of lipolysis is the breakdown and release of lipids from hydrolysis of triglycerides to glycerol and free fatty acids. In acute treatment, GCs function to promote lipolysis (16) , which occurs by GR␣ sensitizing catecholamine induction of protein kinase A (PKA) activity by downregulating the transcription of phosphodiesterase 3B (PDE3B) (72) (Fig. 2) . Suppression of PDE3B results in increased cyclic AMP (cAMP) levels that activate PKA, leading to enhanced phosphorylation of hormone-sensitive lipase (HSL) and hydrolysis of intracellular lipids (38, 72) . Also, GCs induce the expression of angiopoietin-like 4 (ANGPTL4) protein, which promotes lipolysis by further stimulating cAMP signaling (23) . GCs also directly upregulate the expression of adipose triglyceride lipase (ATGL), which in combination with HSL are the two critical genes that promote hydrolysis of triglycerides in adipose tissue (59, 72) . A second target of PKA is perilipin, a protective protein that surrounds lipid droplets. Phosphorylation causes the release of perilipin from the droplets, allowing lipase access to triglycerides (11) . In summary, by regulating lipases and perilipin through the PKA pathway, GCs can robustly promote catalysis of triglycerides and subsequent release of free fatty acids (FFA) and glycerol into the bloodstream (11).
As Fig. 2 explains the cellular basis for GR␣ stimulation of lipolysis, rodent models confirm that administration of GCs increases FFAs throughout circulation, indicating a systemic stimulation of lipolysis (72) . However, the effects of GCs on lipolysis are fat depot specific. Xiao et al. (71) showed that rats treated for 12 wk with prednisolone had reduced body weight and differential effects in visceral (VAT) and subcutaneous (SAT) adipose tissues. While prednisolone increased adipocyte number in VAT (ϳ100 adipocytes/slide) and SAT (ϳ200 adipocytes/slide), adipocyte diameter was reduced in SAT by 50% compared with VAT (71) . Furthermore, following prednisolone treatment, SAT adipocyte diameter was accompanied by increased ATGL and HSL expression in contrast to VAT (71) . An investigation by Goedecke et al. (19) supported these findings in an ethnic-based study that found that AfricanAmerican women had decreased GR␣ expression in their SAT, which was associated with increased abdominal SAT, inflammatory markers, and reduced insulin sensitivity.
There is substantial literature supporting the fact that GCs promote adipogenesis by inducing adipose progenitors (e.g., C/EBP␤) during the early stages of differentiation (41) . However, the conventional wisdom that this effect is mediated solely by GR␣ is being called into question by the recent discovery that MR also promotes adipogenesis. Aldosterone has been shown to increase adipocyte expansion more effectively than cortisol. Moreover, aldosterone has a much higher binding affinity for MR compared with GR. Thus, aldosterone promotion of adipogenesis is most likely through activation of MR (10) stantially decreased the differentiation potential of primary mouse adipocytes (10, 30) , whereas adipocytes obtained from GR-knockout mice displayed no significant alteration in adipogenesis (30) . Several studies have demonstrated that MR expressed in brown adipose tissue can be activated by aldosterone, and in response they sustain brown adipogenesis (49, 73) .
The synthetic corticosteroid dexamethasone is a common component of most adipocyte differentiation cocktails, and this property has been widely viewed as evidence that GR␣ activation is needed for the early stages of differentiation, at least in 3T3-L1 preadipocytes. However, dexamethasone can be eliminated from some adipogenesis assays, resulting in cells that still undergo differentiation to the fully competent lipidbearing state (28) . In the studies by Hoppmann et al. (30) , GR-knockout preadipocytes showed no deficiency of differentiation, whereas MR-knockout cells completely failed to store lipid, suggesting that an alternative non-GR␣ pathway exists for the promotion of adipogenesis. Importantly, the adipogenic cocktail used to obtain those results contained dexamethasone, which suggests that MR may possibly be the primary mediator. Although this might seem incongruous to some, it is an overlooked fact that dexamethasone can selectively bind MR, albeit with lower affinity compared with GR in adipose, and activate MR-mediated gene expression (2, 54) . In summary, it appears that a comprehensive reevaluation of the relative contributions of GR and MR to adipogenesis is needed. This evaluation, along with more definitive experimental results, will have important implications for the development of the next generation of drugs targeting the steroidal basis of obesity and metabolic conditions linked to excessive adiposity.
EFFECT OF EXERCISE ON CORTICOSTEROID RECEPTOR AND 11␤-HYDROXYSTEROID DEHYDROGENASE TYPE 1 EXPRESSION
Exercise is known to reduce adiposity and increase lean muscle mass. This process includes utilization of fat stores in adipose by the release of lipids through lipolysis and the breakdown and rebuilding of muscle. Ultimately, exercise causes an enlargement of muscle tissue and a reduction in fat stores. Exercise is a metabolic stress that elevates GCs in circulation (42) . Exercise promotes the production of proopiomelanocortin, which is a necessary precursor of ACTH in the anterior pituitary gland, and stimulates cortisol production from the adrenals (50) . Although exercising mice have body weights comparable with control mice, they have lower abdominal fat but elevated muscle mass, along with heavier adrenal glands (17) . There are two interesting components that correlate with and are even necessary for a proper GC response during exercise. The two factors are 11␤-hydroxysteroid dehydrogenase type 1 (11␤-HSD1) and GR␣, whose expression levels may directly affect GC availability and utilization. In response to exercise, 11␤-HSD1 increases significantly in visceral adipose stores (9, 14) . 11␤-HSD1 converts inactive cortisone to cortisol, and studies have confirmed that tissuespecific 11␤-HSD1 overexpression elevates intracellular levels of active GCs (45) . In contrast to adipose, exercise causes 11␤-HSD1 expression and activity to decrease in skeletal muscle (14) . Because GCs promote myopathy in muscle but lipolysis in adipose, the inverse phenomenon of 11␤-HSD1 expression may be a contributor to the increased muscle mass and reduced adipose mass observed in response to exercise. As a direct consequence of increased GCs and elevated lipolysis, decreased adipose tissue mass has been found. This relationship between GC levels in adipose and lipolysis was further confirmed using a GR antagonist, which blocked GC action and decreased lipolysis (8) .
Not only does exercise increase active GC content in adipose tissue, it also upregulates GR protein expression, a necessary component of GC signaling to induce lipolysis (Fig. 3) (8) . Thus, it is reasonable to conclude that elevated GR expression in adipose during exercise is also a contributing factor to reduced adipose tissue mass. Conversely, since GCs break Fig. 3 . Speculation that obesity is a state of GC resistance and the relationship of GR␣ and GR␤. The participation of the GR isoforms in obesity and adipocyte hypertrophy is unknown. However, the role of GCs and GR␣ in lipolysis has been demonstrated. Therefore, lean patients may have GC sensitivity that enhances GR␣ activity in adipocytes, which elevates lipolysis and the release of free fatty acids (FFA), whereas obese patients may have GC resistance by increasing levels of GR␤, resulting in adipocyte hypertrophy, lipogenesis, and FFA uptake. down muscle (24) , it is also reasonable to speculate that decreased GR␣ expression would increase muscle mass during exercise. Although this has not been tested directly, musclespecific knockout of GR in mice has been shown to increase muscle mass and, curiously, reduce adipose stores. The latter effect in the muscle-specific GR-KO mouse appears to be mediated by increased expression of the fibroblast growth factor 21 endocrine factor in the liver to promote increased fat utilization via a muscle-liver-adipose axis (58) .
Because GR␤ antagonizes GR␣ action, it is interesting to speculate that upregulation of its expression could simultaneously inhibit lipolysis at adipose (Fig. 3) while increasing muscle mass. However, liberated fatty acids are needed as an energy source during exercise, making it unlikely that upregulation of GR␤ in adipose occurs under these conditions. But mechanisms may exist for selective upregulation of GR␤ in muscle in response to exercise. To date, there have been no studies to compare GR␣ and GR␤ during exercise or in response to obesity or high-fat diets. A potential role for MR in exercise also exists. As discussed already, it is now clear that MR promotes adipogenesis and lipid storage in response to cortisol. Studies have shown that MR levels in the hippocampus decrease in response to exercise (17) .
Although not yet demonstrated in adipose, a reduction of MR in response to exercise would be an important observation. Such a result would imply that fatty acid mobilization during exercise results from the synergistic inhibition of MR-mediated lipid storage and stimulation of GR␣-mediated lipolysis. The above observations suggest the intriguing possibility that the metabolic response to exercise may result from the coordinated interplay of GR␣, GR␤, and MR at multiple organs, especially in adipose and muscle. An adipose or muscle-specific overexpression of the GR isoforms is warranted to uncover their roles in lean and fat mass.
GLUCOCORTICOID RECEPTOR AND FATTY LIVER
Adipose tissue expansion increases fat storage and also causes elevated lipids in the serum. The lipids are taken up by the liver and may promote the development of a fatty liver (hepatic steatosis), which can impair insulin turnover and cause insulin resistance. During the time of feeding, the pancreas releases insulin, and the liver regulates the amount in circulation by clearing it from the hepatic portal vein. A fatty liver reduces insulin clearance, inducing peripheral tissue insulin resistance, possibly due to the increased duration of circulating insulin, which may cause visceral adiposity, type 2 diabetes, and the metabolic syndrome. Normally, the liver responds to energy deprivation by producing glucose by the process of gluconeogenesis. The liver is under homeostatic control by various hormones, including GCs. The GC-GR interaction is essential for appropriate liver function and has been implicated in several liver dysfunctions, including hepatic steatosis (fatty liver). Jenson et al. (34) reported that the fatty livers of obese rats displayed reduced GR expression compared with lean rats. In a study by Mueller et al. (46) , mice with liver-specific deletion of GR maintained on a regular diet developed fatty liver. Similarly, mice with reduced hepatic GR␣ activity due to deletion of the GR chaperone protein FKBP52 were found to be more susceptible to diet-induced steatosis (68) . These reports implicate decreased GR expression and activity as a contributory factor to fatty liver disease. In both prior works, reduced hepatic GR activity also resulted in hypercortisolism due to compensation by the hypothalamic-pituitary-adrenal (HPA) axis in response to peripheral glucocorticoid insensitivity. Liver-specific GR-knockout mice also display increased corticosteroid-binding globulin, which keeps the circulating GCs in an inactive form, thereby further inducing compensatory activation of the HPA axis (46) . In Cushing's disease, hypercortisolism commonly leads to hepatic steatosis (53) . These facts suggest that GC overstimulation may also contribute to steatosis. Indeed, Mueller et al. (46) demonstrated that hypercortisolism due to GR deletion from hepatocytes caused increased GR activation in adipocytes, which consequently led to increased lipolysis via upregulation of ATGL and HSL and reduction of perilipins. This phenomenon ultimately results in the overall diminution of adipose storage and the subsequent elevation of circulating FFAs, which accumulate in the liver (46) . Moreover, due to impairment of ␤-oxidation in fatty liver disease, which was possibly due to the decreased GR expression, the FFAs are inversely used for the synthesis of triglycerides (5, 50) . Another key mechanism underlying hepatic steatosis is insulin resistance and hypercortisolism, which increases the production of glucose and insulin, eventually leading to a state of insulin resistance and hepatic steatosis (43, 48) . The effect of GCs on lipid accumulation in the liver may be mediated by overstimulation of lipolysis from adipose with long-term GC treatment, which may enhance the development of a fatty liver and insulin resistance.
GR PHOSPHORYLATION ATTENUATES ADIPOSITY
Adipogenesis is an intricate process involving various nuclear receptors, including PPAR␥ and GR␣. These two receptors can be viewed as physiological antagonists at adipose tissue, with PPAR␥ promoting adipogenesis and lipid storage and GR␣ promoting lipolysis and lipid secretion. Of particular note is the recent discovery that the oppositional properties of the receptors are regulated by phosphorylation (28) . Upon hormone binding, GR␣ is hyperphosphorylated at serines 203, 211, and 226, followed by dissociation from heat shock protein 90 (HSP90) and translocation into the nucleus, where it dimerizes on gene promoters for transcriptional activity (Fig.  2) (26, 28) . In contrast, ligand binding of PPAR␥ results in dephosphorylation at serine 112, which increases its gene activity to regulate adipogenesis (see APPENDIX A: PPAR␥ PRO-MOTES ADIPOGENESIS). Through its dephosphorylating activity, protein phosphatase 5 (PP5) governs the critical balance between lipogenesis and lipolysis by binding to HSP90 via its tetratricopeptide repeat (TPR) domains, resulting in the inhibition of GR␣ and activation of PPAR␥ (28) . The reciprocal regulation of these two nuclear receptors is what allows PP5 to function as a fulcrum in maintaining the balance between lipogenesis and lipolysis. PP5-null mice on a high-fat diet are lean with glucose resistance and insulin intolerance (21, 22) . Jacob et al. (33) showed that mice with inactivated PP5 had decreased adipogenesis and adipose tissue, which was due to increased GR phosphorylation. The FK506-binding protein-51 (FKBP51) has also been found to regulate the activities of GR␣ and PPAR␥ in lipid metabolism reciprocally. FKBP51 achieves this by being a negative regulator of the Akt/p38 kinase pathway that targets each receptor (60, 61). Stechschulte et al. (60) found that FKBP51-knockout cells were also resistant to lipid accumulation, similar to PP5-deficient cells. Although structurally related to FKBP51, FKBP52 is a TPR protein that serves to promote rather than inhibit GR␣ activity. Thus, mice with heterozygous loss of FKBP52 exhibit reduced GR␣ hepatic activity that results in hepatic steatosis and glucose intolerance (68) . FKBP51 and FKBP52 have been shown to regulate GR␣ phosphorylation inversely, and drugs such as timcodar (VX-853) that target FKBP51 increase GR␣ activity (29) . Therefore, timcodar and other drugs that target these TPR proteins may prove useful in the treatment of obesity.
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
Glucocorticoid hormones are essential but paradoxical regulators of lipid metabolism, promoting lipolysis under acute exposure but lipogenesis and GC resistance with chronic treatment. Not surprisingly, the exact mechanisms governing each of these actions are unclear and controversial. In this review, we provide evidence that our lack of understanding may be due to a failure to differentiate between the effects of the classical GC receptor GR␣ and two emerging antagonistic receptors, MR and GR␤. The latest studies confirm that GR␣ is lipolytic and not a major contributor to adipogenesis. Conversely, MR appears to be a major stimulator of adipogenesis in response not only to aldosterone but to GC agonists as well. Although the evidence is presently less strong for GR␤, data showing it to be regulated by GCs and insulin in both cellular and animal models suggest that it is also a promising candidate for further studies on GC resistance and lipid metabolism. Finally, a better understanding of the central roles of the TPR proteins PP5, FKBP51, and FKPB52 in adipose metabolism and their ability to regulate not only GR␣ and PPAR␥ but potentially GR␤ and MR may prove invaluable in the development of new drugs for the treatment of obesity.
APPENDIX A: PPAR␥ PROMOTES ADIPOGENESIS
PPAR␥ is the master regulator of adipocyte differentiation; it promotes adipogenesis and lipid storage. Conversely, PPAR␥-null embryonic stem cells fail to undergo adipogenesis (56) . Similarly, an adipose-specific knockout of PPAR␥ in mice results in complete lipoatrophy and loss of white adipose tissue (67) . However, a whole body knockout of PPAR␥ is lethal due to myocardial thinning (4). In a high-fat-fed state, PPAR␥ activity promotes the uptake of free fatty acids from circulation to be stored in adipose tissue for future utilization. Increased PPAR␥ activity can lead to excess adipose tissue expansion and obesity (39) . Conversely, PPAR␣ is reduced in obesity and a high-fat-fed diet (20, 27) . Numerous endogenous and exogenous ligands, including eicosanoids, fatty acids, and some antidiabetic drugs such as thiazolidinediones, can bind PPAR␥ and activate it (37, 66) ; its activation then leads to increased adipocyte differentiation and lipid storage. In contrast to many other phosphoproteins, PPAR␥ activity is inhibited by phosphorylation of its serine (Ser 112 ), which has been shown to be done by the mitogen-activated protein kinase signaling cascade and thereby inhibit adipose differentiation (Fig. 4) (1). The Ser 112 site is a key regulatory site on PPAR␥ that mediates the adipogenic properties and lipid accumulation (31) , and a mutation of serine to alanine (Ser 112A ) prevents phosphorylation and increases PPAR␥ activity (28) . In an adipogenesis assay with a mutated Ser 112A , PPAR␥ resulted in significantly higher lipid accumulation compared with the wild-type PPAR␥ (28, 31). Hinds et al. (28) recently showed that PP5 specifically dephosphorylated Ser 112 on PPAR␥, leading to increased activity, and a knockout of PP5 resulted in decreased lipid accumulation (Fig. 4) . Another regulatory site on PPAR␥ is Ser 273 , which is phosphorylated by cyclin-dependent kinase, which adversely affects glucose uptake and the antidiabetic properties of PPAR␥ (13) . However, it has not yet been shown whether Ser 273 has a role in adipogenesis or whether PP5 also targets this site.
APPENDIX B: HPA AXIS AND PRODUCTION OF GLUCOCORTICOIDS
GCs are a family of steroid hormones that are made in the adrenal cortex and participate in a wide variety of functions. These range from immune functions such as immunosuppressive and anti-inflammatory roles to the production of glucose from the liver. In a healthy individual, stress induces the release of corticotropin-releasing hormone (CRH), the principal regulator of the hypothalamic-pituitaryadrenal (HPA) axis, from the hypothalamus. CRH enters the hypophyseal portal vasculature and binds to its receptors, stimulating the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary gland. Stress-induced vasopressin release from posterior pituitary can also induce ACTH release. ACTH in turn mediates the synthesis and release of GCs, especially cortisol, from the adrenal cortex. The release of cortisol causes the breakdown of FFAs (lipolysis) in adipose and amino acids from muscle tissues. These nonhexose substrates are shuffled to the liver to be used for glucose production (gluconeogenesis) during the "fight or flight" activation of the sympathetic nervous system. As with other physiological systems that utilize feedback mechanisms to maintain homeostasis, in the HPA axis, cortisol via negative feedback inhibits further release of both CRH and ACTH. Cushing's syndrome is attributed to a systemic overproduction of cortisol and prolonged exposure of the body to high levels of GCs. It is caused by the constant activation of the HPA axis and continuous production of cortisol by the adrenal glands as a result of a tumor either in the pituitary or in the adrenal gland. Disruption of the HPA axis prevents cortisol from exerting its negative feedback effect on the release of CRH and ACTH. In addition to tumors, Cushing's syndrome can also result from the chronic use of corticosteroid medication. This mechanism similarly exposes the body to high GC levels.
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